1. Introduction {#sec1}
===============

Liquid crystalline (LC) polymer particles exhibit unique functional properties due to their well-defined ordered structure. Anisotropic order LC particles can be manipulated with optical tweezers^[@ref1]^ or rotated with electric fields,^[@ref2]^ while chiral nematic ordered LC particles are able to reflect light^[@ref3],[@ref4]^ or can be used as microlasers.^[@ref5]^ Smectic LC particles have been reported that show superior properties as absorbents, as fast absorption and desorption of the dye and high absorption capacity were achieved.^[@ref6]^

Several techniques have been used to prepare LC polymer particles, including miniemulsion, suspension, microfluidic, and dispersion polymerizations. Small LC particles (∼200 nm in diameter) have been prepared via miniemulsion polymerization,^[@ref7]−[@ref9]^ while larger particles were prepared by suspension polymerization.^[@ref3],[@ref4],[@ref6],[@ref10]^ In both cases, however, the particle size distributions were broad. Polydisperse particles show nonuniform behavior as particles of different diameter have different functional properties. For applications, such as photonic crystals or drug delivery monodisperse polymer particles are desired.

By using microfluidics, monodisperse particles between 200 and 500 μm have been fabricated.^[@ref11]−[@ref15]^ However, microfluidic production faces difficulties in scaling-up. LC polymer particles prepared by dispersion polymerization^[@ref1],[@ref2],[@ref16],[@ref17]^ had a low dispersity, and the technique is scalable. Previous studies have shown that introduction of cross-linkers and functional groups tends to destabilize the dispersion and lead to coagulum, poor morphology, and a high polydispersity.^[@ref18],[@ref19]^ This drawback severely limits the applicability of dispersion polymerization.

Precipitation polymerization is an attractive method to prepare polymer particles with narrow size distributions on a relatively large scale. In precipitation polymerization, radicals first grow in the solution until the solubility limit is reached, and the oligomers precipitate and form preliminary particles, which further grow primarily by capturing propagating radicals from the solution.^[@ref20]^ Monodisperse, highly cross-linked, and functional polymer particles have been prepared by this method.^[@ref21],[@ref22]^ The polymerization method does not require specific equipment or surfactants. Moreover, particles with complex structures can also be prepared, including core--shell and hollow particles.^[@ref23]−[@ref27]^ To date, however, precipitation polymerization has never been used to prepare LC polymer particles.

Previously, we reported the suspension polymerization of nanoporous polymer particles based on hydrogen-bonded smectic LC benzoic acid monomers.^[@ref6]^ After polymerization, polydisperse particles with an average diameter of 1.4 μm were obtained in a low yield. Treatment with base resulted in nanoporous polymer particles with an onionlike order. Dye absorption experiments demonstrated a high absorption capacity and fast absorption kinetics.

We now describe the preparation of nanoporous LC particles by precipitation polymerization. This versatile and scalable method yields polymer particles with a low dispersity of diameters between 0.7 and 1.4 μm. Although the LC monomers are randomly dissolved in solution, well-defined particles with a smectic LC order are obtained. The average diameter of the particles increases at higher polymerization temperatures and in better solvents, whereas the monomer and initiator concentration have only a minor impact on the particle size. The particles can be used to rapidly absorb and selectively release molecules in the presence of divalent cations. Hence precipitation polymerization is an attractive new method to prepare functional liquid crystalline polymer particles of a narrow size distribution on a large scale.

2. Experimental Section {#sec2}
=======================

2.1. Materials {#sec2.1}
--------------

4-(6-Acryloxyhexyl-1-oxy)benzoic acid (**1**) and 4-((4-(6-(acryloyloxy)hexyloxy)phenoxy)carbonyl)phenyl 4-(6-(acryloyloxy)hexyloxy) benzoate (**2**) were purchased from Synthon Chemicals, Germany. Phenyl acetate (\>98%) was purchased from TCI Europe. Other solvents were purchased from Biosolve. Luperox 331 P80 (1,1-bis(*tert*-butylperoxy)cyclohexane, 80 wt % in benzyl butyl phthalate, technical grade), 2,2′-azobis(2-methylpropionitrile) (AIBN, 98%), potassium hydroxide (KOH, 85%), calcium chloride (CaCl~2~), lithium chloride (LiCl), potassium chloride (KCl), and sodium chloride (NaCl) were purchased from Sigma-Aldrich. Methylene blue (MB) was purchased from Acros Organics.

2.2. Experimental Procedures {#sec2.2}
----------------------------

### 2.2.1. Synthesis of the Liquid Crystalline Particles {#sec2.2.1}

First, 50 mg of **1** and 50 mg of **2** were added to a 50 mL round-bottom flask; the flask was then pumped and backfilled with argon 3 times. The initiator (AIBN for polymerization at 65 °C, Luperox 331 P80 for polymerization at 95 °C) was dissolved in ethyl acetate or phenyl acetate and added to the flask (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} for details). The flask was put into an oil bath preheated to the polymerization temperature for 24 h. After polymerization, the suspension was centrifuged and washed with ethanol to obtain the particles.

###### Polymerization Condition at Each Run and the Corresponding Results

  entry   \[initiator\][a](#t1fn1){ref-type="table-fn"}   \[monomer\][b](#t1fn2){ref-type="table-fn"}   solvent          temp (°C)   *D*~n~ (μm)   *C*~V~ (%)   *D*~*z*~ (μm)   yield (%)
  ------- ----------------------------------------------- --------------------------------------------- ---------------- ----------- ------------- ------------ --------------- -----------
  1       1%                                              2%                                            phenyl acetate   95          0.62          7.5          0.79            12
  2       2%                                              2%                                            phenyl acetate   95          1.05          6.5          1.13            75
  3       3%                                              2%                                            phenyl acetate   95          0.92          5.0          1.06            71
  4       4%                                              2%                                            phenyl acetate   95          0.97          3.7          1.08            73
  5       2%                                              1%                                            phenyl acetate   95          0.82          5.4          0.84            31
  6       2%                                              3%                                            phenyl acetate   95          0.95          6.7          1.02            67
  7       2%                                              4%                                            phenyl acetate   95          1.03          6.8          1.07            70
  8       2%                                              2%                                            phenyl acetate   65          0.70          5.2          0.88            89
  9       2%                                              2%                                            ethyl acetate    65          1.44          5.4          1.79            57

w/w ratio to monomer.

w/v ratio to solvent; *D*~n~ = number-average diameter determined via SEM (min. 100 particles); *C*~v~ = *D*~n~/SD; *D*~*z*~ = *z*-average diameter determined via DLS; yield = weight of particles/weight of monomers.

### 2.2.2. Fabrication of Nanoporous Particles {#sec2.2.2}

The pristine particles were sonicated in 10 mM KOH solution at room temperature until completely dispersed. Then the particles were centrifuged and washed with deionized water twice.

2.3. Absorption and Release of Methylene Blue {#sec2.3}
---------------------------------------------

For the absorption kinetics, 10 μL of MB solution (MB/COO^--^ = 1) was added to 2.95 mL of 0.01 M KOH solution in a 3 mL cuvette, and the absorption of the solution was measured. Then 36.7 μL of 0.5 mg/mL particle suspension was added to the solution, and the absorption spectrum of the solution was measured every minute.

To monitor the release kinetics, 10 μL of MB solution and 36.7 μL of 0.5 mg/mL particle suspension (MB/COO^--^ = 1) were added to 2.95 mL of 0.01 M KOH solution and equilibrated for an hour. Then 2.7 mL of the solution was transferred to a 3 mL cuvette, and the absorption of the solution was measured. Then 300 μL of 10 mM salt solution was added, and the absorption spectrum of the solution was measured every minute to monitor the release of MB.

2.4. Characterization {#sec2.4}
---------------------

Polarized optical microscopy (POM) images were taken with a Leica CTR6000 polarized optical microscope and a Leica DFC 420C camera. The temperature was controlled with a Linkam temperature control stage. Differential scanning calorimetry (DSC) curves were measured with a DSC Q2000 from TA Instruments, with 3 °C/min temperature ramp from −20 to 130 °C and 5 min isotherm. The second heating and cooling cycles were used for characterization. Attenuated total reflection Fourier transfer infrared spectra (ATR-IR) were measured with a Varian 670-IR spectrometer. X-ray diffraction (XRD) was performed on a Ganesha lab instrument with a GeniX-Cu ultralow divergence source producing X-ray photons with a wavelength of 1.54 Å and a flux of 1 × 10^8^ ph/s. Scattering patterns were collected with a Pilatus 300 K silicon pixel detector with 478 × 619 pixels, each 172 μm^2^ in size. Dynamic light scattering (DLS) was measured with Anton Paar Litesizer 500 in 1 mM KCl solution in backscattering mode at 25 °C. UV--vis spectra were measured with a Shimadzu UV-3102 PC. Scanning electron microscopy (SEM) images were taken with a JEOL TM 220 A. The average size and coefficient of variation of the particle size distribution () were measured and calculated over 100 particles per sample.

3. Results and Discussion {#sec3}
=========================

3.1. LC Monomer Mixture {#sec3.1}
-----------------------

The LC monomer mixture consists of a hydrogen-bonded benzoic acid monomer (**1**) that attracts cations when deprotonated and an LC cross-linker (**2**) to maintain the network, in a 1/1 w/w ratio ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). The phase behavior of the mixtures was studied via POM and DSC. An isotropic--nematic transition was observed at around 115 °C, and the mixture further converts into a smectic A phase at around 105 °C; this phase is maintained at room temperature ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b01852/suppl_file/ma9b01852_si_001.pdf)).

![(a) Chemical structure of the monomers and initiators. (b) Schematic representation of precipitation polymerization method to synthesize liquid crystalline polymer particles.](ma9b01852_0001){#fig1}

3.2. Synthesis of the Liquid Crystalline Particles by Precipitation Polymerization {#sec3.2}
----------------------------------------------------------------------------------

The LC particles were synthesized by precipitation polymerization. The solvent is a vital factor for precipitation polymerization, as it needs to dissolve both the monomers and free radical initiator but also allow oligomers reaching a critical chain length to precipitate and form the preliminary particles.^[@ref20]^ Upon screening of multiple solvents (including acetonitrile, toluene, and isopropyl alcohol, among others), phenyl acetate and ethyl acetate were found to produce monodisperse particles. Monomers, initiator, and solvent were added to an oxygen-free flask and polymerized at different temperatures for 24 h to yield the particles. Fourier transform infrared spectroscopy (FTIR) confirmed the conversion of the acrylate moieties ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b01852/suppl_file/ma9b01852_si_001.pdf)). We first investigated the effect of monomer concentration, initiator concentration, solvent, and temperature on the average particle size and size distribution ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b01852/suppl_file/ma9b01852_si_001.pdf)). The particle size distribution was analyzed by SEM and DLS, and a typical example (entry 4 in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) is given in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. SEM showed spherical objects with a diameter of 0.97 μm. The coefficient of variation (*C*~v~), which is a measure of dispersity, was 3.7%, meaning the particles are monodisperse. Only one narrow peak was found in DLS, and the *z*-average diameter was determined as 1.08 μm.

![SEM image (a) and DLS (b) of particles synthesized in entry 4. Scale bar = 2 μm.](ma9b01852_0002){#fig2}

The effect of initiator and monomer concentrations on the final particle size and distribution was performed in phenyl acetate at 95 °C using Luperox 331 P80 as initiator. Initiator and monomer concentrations were varied from 1% to 4% (entries 1--7). With increasing initiator and decreasing monomer concentrations, the coefficient of variation decreases slightly. The diameter of the particles was around 1 μm regardless of the initiator and monomer concentrations if they were both ≥2%. However, smaller particles and lower yields were observed when either the initiator or monomer concentration was low (\<2%), probably because the initiator efficiency was decreased, the oligomer chains had difficulty in forming preliminary particles, and the conversion of the monomers was limited under dilute conditions, also indicated by the low yield. When the polymerization was carried out at 65 °C and with AIBN as initiator (entry 8), smaller particles were obtained compared to polymerization performed at 95 °C. The decreased particle size can be attributed to the decreased solubility of the oligomer chains at lower temperatures, which meant the nucleation occurs faster, resulting in the formation of smaller particles. Particles synthesized in ethyl acetate were larger than particles synthesized in phenyl acetate (entry 8 versus entry 9), as ethyl acetate is a better solvent for the polymers, resulting in slower nucleation and larger particles. As suggested in the literature, solvent and temperature affect the size and morphology of the particles through changing the Flory parameter, χ.^[@ref28]^ With low χ, the interaction between solvent and polymer is favorable and leads to an extended growth of oligomer chains in the solution and, as a result, gives larger particles.

Particles prepared in entry 4 were characterized in more detail and used in adsorption and release studies.

3.3. Characterization of the Particles {#sec3.3}
--------------------------------------

POM analysis using cross polarizers was used to investigate the internal structure and molecular alignment in the polymer particles. The particles were first suspended in water and then dried between two glass slides to be nicely dispersed and to eliminate Brownian motion. As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a and [3](#fig3){ref-type="fig"}b, so-called Maltese crosses were observed in the same direction as the crossed polarizers. This indicates that the LC molecules align homeotropically, that is, perpendicular to the particle surface ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c).^[@ref6]^ Interestingly, although the LC monomers are randomly dissolved, the oligomers apparently self-align inducing liquid crystalline order. The polymer particles were further characterized by XRD, revealing a peak at 0.4 nm, which can be attributed to the intermolecular spacing of the molecules ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d). However, no layer spacing was observed which might be due to the low contrast in the particles (vide infra).

![(a, b) POM images of the particles with cross polarizers. (c) Radial alignment of the liquid crystal molecules in the particles. (d) XRD of the particles. The particles used were entry 4. See also [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} for SEM images and DLS result of the particles.](ma9b01852_0003){#fig3}

3.4. Formation of Nanoporous Particles {#sec3.4}
--------------------------------------

To show that the LC particles can be used to absorb and release molecules, nanoporous particles were prepared. The particles were treated with 0.01 M KOH solution to break the hydrogen bonding between COOH groups and transform them into COO^--^K^+^ salts. IR spectra confirmed complete deprotonation, as the peaks corresponding to hydrogen bonds at 2500--2700 and 1677 cm^--1^ disappeared completely, and the peaks corresponding to asymmetric and symmetric stretching of carboxylate salt at 1545 and 1392 cm^--1^ appeared ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b01852/suppl_file/ma9b01852_si_001.pdf)). The average size and size distribution of the particles remained unchanged during the KOH treatment ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a), most likely due to the high cross-linking density that prevented the polymer particles from swelling. A new signal at 3.4 nm and the corresponding second-order peak at 1.7 nm were observed in XRD, which were assigned to the layer spacing in the LC particles ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b and [4](#fig4){ref-type="fig"}c). This layer spacing might be originating from the thermotropic smectic LC mixture used for the precipitation polymerization. The appearance of the layer spacing signal is probably due to the introduction of potassium into the particles. The "pristine" particles consist of only carbon, oxygen, and hydrogen, elements with low electron density, resulting in low contrast in XRD measurements. After hydrogen in the benzoic acid groups is replaced with potassium with higher electron density, the contrast is improved and the layer spacing becomes visible.

![(a--c) SEM, XRD, and XRD 1D profile of the polymer particles after KOH treatment. Scale bar = 2 μm.](ma9b01852_0004){#fig4}

3.5. Absorption and Release Characteristics {#sec3.5}
-------------------------------------------

The loading and release properties of the particles were investigated by using methylene blue as a probe. To an aqueous solution of MB, nanoporous particles were added, and the absorption process was monitored by UV--vis measurement. The spectra of MB in solution and in particles were significantly different (shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b, inset). The absorption of MB results in a decrease in the absorbance at 665 nm, which is most likely due to MB aggregation within the particles, as the local concentration is high.^[@ref29]−[@ref31]^ By plotting the absorbance at 665 nm versus time, the absorption was found to be completed within a few minutes, indicating fast absorption kinetics. The MB-loaded particles were collected for SEM and XRD analysis. The particle diameter increased slightly to 1 μm ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d), while the layer spacing remained as 3.4 nm, although the intensity of peaks in XRD was lower, a result of the lower electron density and decreased contrast of MB ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}e, f).

![(a) Schematic representation of the MB absorption and release by the nanoporous polymer particles. (b) UV--vis measurement of the absorption process. UV--vis spectra of MB in solution and MB absorbed by the particles are shown in the inset. (c) Time-resolved UV--vis measurement of the release process monitoring the peak absorbance of the MB. (d--f) SEM, XRD, and XRD 1D profile of the polymer particles containing MB (MB/COO^--^ = 1). Scale bar = 2 μm.](ma9b01852_0005){#fig5}

Different chloride salt solutions were added to the loaded particles to study the release of MB. Monovalent salts, including sodium chloride, lithium chloride, and potassium chloride, did not trigger the release of MB, as the absorbance at 665 nm only changed slightly. However, when the bivalent salt calcium chloride was added, the absorbance increased, indicating that MB was released from the particles. The release kinetics were monitored in the same way as for the absorption process, and MB release was found to be completed within a few minutes, increasing with higher calcium chloride concentration. The minimum concentration required to trigger MB release was 0.01 mM ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). The concentration of Ca^2+^ needed to release MB was much lower, and the release was faster than reported earlier,^[@ref32],[@ref33]^ which might be the result of the high affinity of the well-defined porous structure within the particles.

4. Conclusions {#sec4}
==============

We report the preparation of monodisperse, micrometer-size, highly cross-linked, and functionalized LC particles by versatile and scalable precipitation polymerization. Although the LC monomers are randomly dissolved in solution, the oligomers self-align, and liquid crystalline order is induced. The LC molecules align radially within the particles. The size of the particles can be tuned by both temperature and solvent, while the monomer and initiator concentration (\>2%) have only minor impacts. The particles could be used to absorb and release molecules in water which makes them attractive for water purification, drug delivery, and selective recovery of valuable chemicals. These results reveal that precipitation polymerization is an attractive method to prepare functional liquid crystalline polymer particles of a narrow size distribution and on a large scale. Preliminary experiments show that our precipitation polymerization method can also be applied to other LC mixtures to prepare monodisperse well-defined LC polymers particles ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b01852/suppl_file/ma9b01852_si_001.pdf)).

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.macromol.9b01852](http://pubs.acs.org/doi/abs/10.1021/acs.macromol.9b01852).Optical image of the monomer LC mixture under POM; DSC curve of the monomer LC mixture; SEM images of LC polymer particles synthesized in runs 1-- 9; IR spectra of the monomer LC mixture, pristine polymer particles, and particles after KOH treatment; chemical structure of a nematic mixture; POM and SEM image of particles synthesized from the nematic mixture; particles synthesized with the monomer mixture mentioned in the maintext in a 9/1 w/w ratio ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b01852/suppl_file/ma9b01852_si_001.pdf))
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